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EFFEClOFWINGFIEX1331L13!YONTHEDAMI?INGINROIL

OFA NUV2EUIDDEIE!AWING-BODYCOMBINATIONBE3WEEN

MACHNUMBERS0.6 ANDAPPROXIMATELY2.2ASD~

WITHROCKEM?ROPQXEDMODELS.“ ,.
ByWilliamM.Bland,Jr.

SUMMARY

Anexpertintalinvestigationemployingsting-mountedrocket-
propelledmodelsinfreeflightatapproxhmtelyzerolifthasbeenmade
todeterminetheeffectofwingflexibilityonthedamping-h-roll.char-
acteristicsofa wing-bodyconib-tiopintherangeofMachnunibersfrom
0.6toapproate~ 2.2.Thewingusedinthisinvestigationhada
notcheddeltaplanformofaspectratio3.2withleadingedgesswept
back55°,trailing edgessweptback“10°,andNACA65Ao03airfoilsections
parallelwiththemodelcenterline.Theresultsofthisimesti@ion
indicatedthatincreasingwingflexibilitybychangingfroma solid-steel
wingtoa solid-magnesiumwingdecreasedthedampinginrollasmuchas
32percentexceptintherangeofMachnumbersfrom1.0to1.4wherethe
decreasewasgenerallylessthan8 percent.Also,itwasshownthatthe
-ti tirollesthatedfora rigid’wingfrm theexpertientalresfits
agreedverywellwithvaluespredictedbytheoryinthesupersonicregion,
andwashigherinthesubsonicregionthanvaluesobtainedfrcmempirical
data.

.. -

INTRODUCTION

Accuratetiowledgeofthelateralstabilityderivativesisessetiial
forevaluationofthedynamiclateralstabilitycharacteristicsofair-
planeandmissileconfigurations.~ general,thetheoreticalmethds
fordeterminingthelateralstabilityderivatives,manyofwhichare
summarizedinreference1,arebaseduponthehypothesisofrigidwings.
Likewise,muchoftheexperhetialwork,sumarizedinreference2,has
beendoneunderconditionsthateitherapproachtherigid-wingcondition
ordonottakewingflexi.bility intoaccountwhatsoever.Thecentinuing

h.———.-..—.—.— —-—.—
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trendcombininghigherflightspeedswithcorrespondinghigherloadsand
thinnerwings,whichhaveless resist=ce to bendm ~ t~stiwj makes
it necessarytomodifytherigid-wingvaluesofsomeofthestability
derivativesinordertoaccountfordistortionofwingstructureunder
aerodynagdcloads.

Inordertodeterminetheeffectofwingflexibilityonthedamping-
in-rollderivative,theIangleyPilotlessAircraftResearchDivisionhas
conductedaninvestigationusinga notcheddeltawing-bodyconfiguration.
Thenotcheddeltawinghadanaspectratioof3.2withleadingedges
sweptback55°,trailingedgessweptback10°,andNACA65AO03airfoil
sectionsparallelwiththebodycenterline.~ thisinvestigateion,
whichwasconductedwitha testingtechniqueutilizingsting-mounted
rocket-propelledmodelsinfree-fIJgbt,twomodelsweretested.Onehad
a solid-steelwingandtheotherhada muchmoreflexiblewingmadeof
solidIIEL@3SiUlL Resultsofthisinvestigationwereobtainedinthe
rangeofMachnumbersfrm 0.6 toapproximately2.2,correspondingtoa
rangeofReynoldsnumbersfromapproximately0.7x 106to5.0x 106(based
onwhg meanaerodynamicchord).Theflighttestswereconductedatthe
LangleyPilotlessAircraftResearchStationatWallopsIsland,Va.
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SYMBOIS

wing span, f%

wing span, in.

totalincludedwingarea,sq1%

chord,ft

meanaerodynamicchord,ft

averagechords/b, ft

taperratio

sweepbackofquarter-chordline,deg

distancefrommodelcenterlinetoanypointonwing,
perpendiculartocenterline,in.

aspectratio

incidence,deg
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cLcav ,

angulardeflectionperunitlength,in
planeofsymnetry,radians

momentinplaneparallelwithplaneof

shearmodulusofelasticity,lb/sqin.

torsionalstiffnessconstantofairfoil
paralleltoplaneofsymmetry,in.4

-c pressure,

velocity,ft/sec

rollingvelocity,

Machnuniber

lb/sqft

radisms/sec

Reynoldsnunber,basedon 6

rollingmmnent,ft-lh

wing-tiphelixangle,radians

rolling-momentcoefficient,L/@b

damping-in-rollderivativeperradian,

localliftcoefficieti,Local.lift
(@

* ME% coefficient,Totallift
qs

lift-curveslope

spanwiseloading

perde~ee

coeffici-

3

planeparallelwith

S-V, in-lb

crosssectioninplane

ac7.
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Eiibscripts:

m measured

a - adjusted

ma misallmement

r rigid

f flexible

MODELS

Thewing-bodyconfigurationusedinthisinvestigateionisshownin
figure1. Thewinghada notcheddeltaplanformofaspectratio3.2,
leading-edgesweepbackof55°,trailing-edgesweepbackof10°,andNACA
65AO03airfoilsectionspara12elwiththebodycenterline.Twomodels
ofthisconfigurationweretested:onewitha one-piecesolid-steel
wingandtheotherwitha one-piecesolid-magnesiumwing.Thewingof
eachmdel wascl..smpedina midwtngpositiontoidentical,pointed,
cylhdricslsteelbodies.Thewingdimensionsshowninfigure1 are
nominal.Actualmeasurementstothephysicalwingtipsgavethefol-
lowingresults:

b s Wing~tipradius,in.

Steelwing. . . . . . . . . . . . 0.8100.215 0.140
Magnesiumwing. . . . . . . . . . .802 .213 .188

Thesevalueswereusedinthecomputationoftherolling-moment
coefficietiandthewing-tiphew angle.

Theddl appearance ofthemodelinfigure2 wascausedbya pro-
tectiveplasticcoatingwhichwasremovedbeforeflight.Actually,the
wtagandbodysurfaceswerecarefuXlymachinedandpolished.

Preflightmeasurementsofthemodelsdisclosedthatthewingshad
missllnemerrtsrelativetothemodelcenkerlinewhichwerecausedby
constructioninaccuracies.Resultsofthese
infigure3.

measurementsarepres&ted

—. ,—. . —--- -——.
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TE%CPROCEDURE

5

.

Eachmodeltestedduringthisinvestigationwasattachedtothe
sting-likeforwardsectionofa carriervehicleasshowninfigwces2
and4. Thissting-likesectioncontaineda torsionbalanceformeas-
uringtherollingmomerrtgeneratedbythemodelasitwasforcedtoroll
bythecarriervehiclewhichhadtwistedstabilizingfins.Duringflight,
timehistoriesoftherollingmcnneti,rollingvelocity,andflight-path
velocitywereobtainedbytelemeter,radio,andradar.Thesemeasure-
mentswereusedinconjun~ionwithradiosondemeasur-s ofatmos-
phericconditionsencounteredtopermitevaluationofthedamping-in-roll.
derivativeasa functionofMachnuuiber.A descriptionofthistesting
techniqueisgiveninreference3. Inthepresenttestsaboosterrocket-
motorassembly(fig.4),whichseparatedfromthemodel-carrier-vehicle
combinationassoonasitsfuelwasexhausted,wasusedtoextendthe
Machnumberrangeoftheinvestigation.

DataReductionandAdjustment

Therolling-momentandrolling-vebcity&ta obtainedforeachmodel
wereconvertedtorolling-momentcoefficientsti wing-tiphelixangles
asfunctionsofMachnmiber.Byassuminglinearityof Cl withpb/2V,
Czp wasobtainedfromtherelation

cl

c% = pb/2V

However,thevaluesof Cl determinedthuslyandpresemtedh figure>
P

asfunctiotiofMachnumberhavenotbeenadjustedtocompensateforthe
measuredwingmisalinementsduetoconstructioninaccuracies.

Anequationfortherolliqg-momentcoefficientduetowing
misal.in~nt

c%
J

bt/2 CIC

cba=—
(b’)2 b’/2~iydy

hasbeenderivedbyusingstriptheo~. Evaluatingthisequationfor
eachofthenmdelsusedinthisinvestigationbyusingthespsmise

~
d-.2=-”:=:>?.~
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incidencevariationpresetiedin
thespanwiseloadingcoefficient
inthefollowingexpressions:

figure3 andanelliptical
throughouttheMachnumber

variationof
rangeresulted

()Cz (V= O.&203 C~ steel-wingmodel)maf

()
c~f= o.@753~~] (JMWM=iU.-WQm@l)

Where
()
c% istheapparentlift-curveslope(perdegree)ofthe

f
particularflexiblewing.

Thetorsional
angulardeflection

stiffnessofa wingcanbeexpressedintermsof
perunitmoment

e_l.-—
m GJ

Comparativestiffnessofwtngsthatsmegecmetricaldyidentical(con-
ditionofeqyaltorsionalstiffnessconstants)canbeexpressedinterms
oftheinverseratiooftherespectiveshearmoduli.Fromthiscondition,

( %)thevaluesof C wereobtainedbylinearextrapolationof
ruCzp . valuesatthesameMach

(%)of c forevaluatingthe
f

bytheapproximateion

nmiberstoa valueof l/G= O. Values

expressionsfor (CZ)m werethenobtained

(%)f=(%);-
r

Thisappro-tionwasusedbecauseitwasbelievedtobethebestone
available;however,itshouldberememberedthattheoutboardregionsof
a wingcontribtiethelargestportionof Cz andthatitisthesesame ~

P
regionsofa deltawingwitha constantthiclmessratiothatdistortthe
mostunderload(ref.4). Thus,changesin C~ maynotalwaysbepro-

portionaltochangesin C~.

(%)Thevariationof C withMachnumber
sourcesispresentedinfi&e 6. The (C&)r

~~

asobtainedfrmuvarious
valuesfor M > 1.4 were
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obtainedfora wing-bodyconibinationinreference5. Valuesbetween
M= 0.6 and M = 0.9 wereobtainedbyapplyingsuitablecompressibility
modificationsfromreference6 to lift-curve-slupevaluesobtainedfrom
unpublisheddatafora similarwing-bodycombination.Thecurvebetween
M =0.9 and M= 1,4 wasobtainedbyfairingthroughtheoreticalwing-
alonevaluesfromreference7andexperimentalvaluespresentedinrefer-
ence8 fora 52.5°sweptbackdeltawing-bodycmibinationinsuchamanner
thattheendpohtsfairedsmoothlyintothevaluesfor M ~ 0.9
and M z 1.4.

Withtheassumptionthatchangesintherollingmomentgeneratedby

themodelwouldnotaffect
()
pb ofthemodel-carrier-vehiclecombi-
Rm

nationandsincethewingmisalinemer$sforbothmodelsweredistributed
soastogeneratea rollingmomentoppositeindirectiontotherolling
momentduetoroll,theexpression.fortheadjusteddamping-in-rolll
derivativebecomes

Thepercentagedifferencesbetw6enmeasuredandadjustedC7~ values,
basedontheadjustedvalues,areasfollows:

I M [SteelwingIMagnesiumwing

-lE_l_u-
Theadjustedvaluesof Clp canbeexpectedtobescmewhathigh,
dependingonhowmuchtheactualvariationofthespanwiseloadingcoef-
ficientdiffersfrantheassumedellipticalvariation.

Accuracy

Experiencewiththistechniquehasshownthatthemaximumpossible
systematicerrorsinthemeasuredquant.itiesduetoinherentlimitations
inthemeasuring,recording,anddatareductionsystemsarewithinthe
folhwinglimits:

,

— -- —.——z—. —..—..——.. ...-——— —— .—.——— ———————— .-—————— .
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I M I P%)mI
0.8 to.028
1.0 *.017
1.5 *.W
2.0 *.~3

Themaximum
+0.01throughoti

possibleerrorinIkchnumberisbelievedtobewithin
theMachnumber-e.

RESUITSANDDISCUSSION

Themeasuredvaluesofthedamping-in-rollderivative,presentedin
figure5,wereobtainedatapproximatelyzeroliftandata nearlycon-
stantwing-tiphelixangleof0.03radianthroughotitheMachnumberrange
oftheinvestigation.Thevariationsofthewing-tiphelixangleandthe
Reynoldsnumber,basedon C,withMachnuniberarepresentedinfigure7.
AdjustingthemeasuredCzp valuesforconstructioninaccuraciesas
describedinthedatasectionresultedinthevariationsofthedamping-
in-rollderivativewithMachnumberpresentedinfigure8 forthetwo
modelstested.

Theseresultsshowthatchangingthewingmaterialfrcmsteelto
magnesiumresultedinlargereductionsinthedamping-in-rollderivative
athighsubsonicMachnumbers(about26percentat M = O.6 and32per-
centat M = O.8)andatthehigherMachnumbersofthetest(about
22percentat M = 1.6 andover31percentat M = 2.2).Attheinter-
mediateMachnumbers,betweenM = 1.0 and M = 1.4,theresultsiRdi-
catedlessreductioninthedamping-in-rollderivative,generaXlyless
than8 percetiofthevalueobtainedforthemcdelwiththesteelwing.
Eventhoughtheloadsresultingfrcmthewingmisalinementswerelarge
comparedwiththeloadsduetoforcedroll.,a comparisonofthereductions
h C% duetowingflexibilityy infigure5 (beforemisalinementadj@-
ments)withthoseinfigure8 (tiermisalinementadjustments),which
genera3Jyagreewithin4 percent,indicatesthatessentiallythereduc-
tionsin C% showninfigure8 andpreviouslydiscussedapplytothe
wingwithoutinitialIIliS~ .

Klsoincludedinfigure8 isanestimatedcurverepresentingthe
variationof C~ withMachnumberfora rigidwing.Thiscurvewas
obtainedbyplottingthe@lustedC%

valuesobtainedforthemodels

-.-—. — .-—
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withthesteelandthe
priateshearmodulus,

9

magnesiumwingsa@nst theinverseoftheappro-
1 1-=
G 12000000forthesteelwingand ~ =~

-G 2400000
forthemagnesiumwing,andbyextrapolatinglinearlyto ~ = O.

The estimatedC
% Cve forth

e rigidwingiscomparedtifigure9
withreferencematerial.BetweenM = 1.4 andtheupperM@ number
limitofthepreserrtinvestigationthedampinginrollestimatedfora
rigidwingageesverywellwiththatcalculatedbyexistingsupersonic
theoriesinreference5 fora wing-bodycombinationwitha geometrically
similarwing..Goodagreemetiwasalsoobtainedthroughoutthecomparable
Machnumberrangewithdamping-in-rollvaluescalculatedbythemethodof
reference9whichisbaseduponlinearizedpotentialflow.

At subsonicspeeti,thedampinginrollesthatedfortherigidwing
andexperimentallydeterminedforthesteelwingareconsiderablyhigher
thanthedampinginrollobtainedbyapplyingthecompressibilitycor-
rectionsofreference6toempiricaldataofreference10. A ‘similar
comparisonwasnotedb reference3 fordamping-in-rollvaluesobtained
fora solid-steel,k-percent-thick,aspect-ratio~,deltawing.

CONCLUSIONS

Theresultsofsminvestigationmadewitha techni~eemploying
sting-mountedrocket-propelledmodelstodeterminetheeffectofwing
flexibilityonthedamping-in-rollderivativeatapproximatelyzerolift
ofa wing-bodycmbinationwitha notcheddeltawingofaspectratio3.2
intherangeofMachnumbersfrom0.6toapproximately2.2indicatethe
followingconclusions:

1.Makingthewingmuchmoreflexiblebychangingthewbg material
fromsolidsteelto so~dmagnesiumdecreasedthevalueofthedm@ng-
in-rol.lderivativeasmuchas32percenth thesubsonicregionandas
nmchas30percentinthehighsupersonicrangeoftheinvestigation;
betweenMachntiers1.0and1.4thedecreasewasgenerallylessthan
8 percent.

2. Thedampinginrollestimatedfora rigidwingfromthe~eri-
mentalresultsagreedverywellwithvaluespredictedbytheoryinthe

-—. — .—. .—. — .-—= —. ——z ...—.- ..
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supersonicregion,sadwashighertkanvaluesderivedfromempiricaldata
inthesubsoficregion.

LangleyAeronatiicalIaboratoryj
NationalAdvisoryCommitteeforAeronautics,

LawQeyField,Va.,April28,1954.
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